Introduction
[2] Although intraplate ocean island volcanism accounts for only a few percent of the total volcanism on Earth, these volcanic piles may be the surface manifestations of the deepest known samplings of the interior of the planet. The relative stationarity of mantle plumes with respect to upper mantle plate flow [Molnar and Stock, 1987; Steinberger and O'Connell, 1998; Wang and Wang, 2001; Koppers et al., 2001] , and a growing catalogue of seismic evidence and tomographic images showing velocity anomalies beneath hot spots extending well into the mid-mantle and sometimes to the core-mantle boundary [Russell et al., 1998; Shen et al., 1998; Zhao, 2001; Montelli et al., 2004] , all support the idea that mantle plumes sample the inner Earth at a much deeper level than do midocean ridge spreading centers. Ocean island chains may thus provide some of the best clues to the chemical character of the lower mantle and the nature of convective interactions between the deep and shallow mantle.
[3] Unlike mid-ocean ridge basalts (MORBs), which derive from a fairly uniform melt-depleted upper mantle, ocean island basalts (OIBs) are isotopically heterogeneous in terms of most radiogenic isotope systems [e.g., Zindler and Hart, 1986; Hart, 1988; Hofmann, 1997] . Isotopic arrays from ocean island chains often extend from a ''common'' mantle, termed FOZO (i.e., Focus Zone [Hart et al., 1992] ), and tend toward one of three ''end-member'' mantle components: HIMU, the high time-integrated U/Pb mantle, EM1 or EM2, the Enriched Mantles 1 and 2 [Zindler and Hart, 1986] . From parent isotope half-lives and parent-daughter ratios, it is inferred that mantle sources for OIBs and MORBs must have been chemically isolated for billions of years in order to develop the observed differences in the abundance of daughter isotopes. Because isotopes of heavy elements are so little fractionated in the melting process, isotopic compositions of oceanic basalt are not only ''clocks'' for ancient reservoir development, but also ''fingerprints'' of a melt's solid source. We are left, through geochemical interrogation and theoretical ingenuity, to reverse the processes by which mantle melts were generated and brought to Earth's surface. Ultimately, with some indication for source compositions, the origins and ages of chemically distinct, isolated mantle reservoirs can be deduced.
[4] Although there have been many ideas regarding the origins of the classic mantle end-members, one model has been relied upon most commonly and received the most attention from a modeling point of view. We are in effect ''outside looking in'', so major differentiation processes occurring at the solid Earth's uppermost layers, namely the formation of continental and oceanic crust, are the most obvious explanations for the creation of volumetrically significant heterogeneities in composition. Many workers have applied this perspective and contributed to what is here referred to as the Standard Model for the origin of mantle components [Armstrong, 1968; Chase, 1981; Hofmann and White, 1982; Cohen and O'Nions, 1982; White, 1985; Zindler and Hart, 1986; Weaver, 1991; Hart et al., 1992] . In summary, oceanic crust is subducted at convergent margins, dehydrated (increasing U/Pb, Th/Pb, and Sr/Rb ratios) and put into long term storage in the deep mantle to evolve to HIMU. EM1 and EM2 are generated when trace element-enriched pelagic (i.e., deepsea) and terrigenous (i.e., continental) sediment, respectively, accompany the subducted and stored oceanic crust (Figure 1 ). Geochemical models attempting to accurately quantify the compositions of these deeply subducted materials [Hart and Staudigel, 1989; Weaver, 1991; Stracke et al., 2003] are greatly hindered by a lack of knowledge regarding (1) hydrothermal alteration of the oceanic crust, (2) partition coefficients for both the dehydration of crust and sediments and the melting of sediments, (3) the thermal structure of mantle wedges, (4) the variable compositions of sediments in space and time, and (5) the lifespan of a subducted slab in the deep mantle. Although much progress has been made in each of these topics, the constraints are not strong enough to provide the needed resolution in parent/daughter ratios. Ironically, it may be exactly the lack of constraints that ultimately makes the Standard Model nonviable. By all indications from today's geodynamical systems, sediments and the subduction zone processing of crust and sediments all display such variability that a specific composition (which evolves to HIMU, EM1 or EM2) almost certainly would not be produced twice, and there would be no discrete or recognizable ''end-member'' reservoirs. On the other hand, and often the strongest criticism of the Standard Model [e.g., Hawkesworth et al., 1984; Barling and Goldstein, 1990; Morgan, 1999] , is that there may be no such things as mantle end-members. Each ocean island array could consist of its own unique isotopic composition, which represents a unique subducted slab from a unique recycling time.
[5] In the present study, we specifically deal with the origin of the Enriched Mantle II (EM2) endmember. Lavas from the Samoan Islands have long been recognized as holding the most extreme signal of EM2 [Zindler and Hart, 1986; Wright and White, 1987; Farley et al., 1992; . Here we use a new comprehensive Figure 1 . Schematic diagram of the Standard Model for the origin of isotopically defined mantle components. DMM (the Depleted MORB Mantle) is the melt-depleted upper mantle that supplies melts to mid-ocean ridges; HIMU (high U/Pb mantle) is a reservoir derived from recycling and long-term storage (billions of years) of oceanic crust; EM1 and EM2 are derived from recycling and long-term storage of oceanic crust along with pelagic or terrigenous sediment, respectively. Major contributions to the model have been from Armstrong [1968] , Chase [1981] , Hofmann and White [1982] , Cohen and O'Nions [1982] , White [1985] , Zindler and Hart [1986] , Weaver [1991] , and Hart et al. [1992] . geochemical study to assess possible origins of the EM2 reservoir. This paper outlines why the recycling of sediment/slab cannot be the origin of EM2, and offers an alternative model which will generally result in consistent trace element compositions, and hence isotopic signatures, through time. We assume that mantle end-members do, in fact, exist, and that one process, acting to varying degrees at a variety of times, will produce a fairly homogeneous end-member reservoir, which is available for mixing with other mantle components during upwelling of mantle plumes.
[6] The working model introduced here for the origin of EM2 involves metasomatism (i.e., fluid/ melt infiltration) of oceanic lithosphere, followed by subduction zone recycling and long-term storage of this lithosphere. As a process for creating trace element-enriched mantle, metasomatism is not a new idea and has been invoked both for continental lithosphere [Frey and Green, 1974; Brooks et al., 1976; Menzies and Murthy, 1980; Menzies, 1983] and oceanic lithosphere [Zindler et al., 1979; Kay, 1979; Hawkesworth et al., 1979 Hawkesworth et al., , 1984 Richardson et al., 1982; Roden et al., 1984; Hart et al., 1986; Halliday et al., 1992; Class and Goldstein, 1997; Niu et al., 1996 Niu et al., , 1999 Niu and O'Hara, 2003] . The process we envision is much like the SYS model of Zindler et al. [1979] , and the auto-metasomatic model of Roden et al. [1984] . We envision it operating on newly formed lithosphere close to spreading centers, as illustrated by Niu et al. [1999] and Niu and O'Hara [2003] .
[7] We show that a lithosphere impregnated 2.5 Ga with a small-degree upper mantle melt can evolve Figure 2 . Bathymetric map of the Samoan volcanic chain made from merging inferred bathymetry from Smith and Sandwell [1994] with ship track data from both the AVON 2/3 cruise [see Hart et al., 2000] and the GEODAS track line database. Western Samoa is comprised of the two western islands, Savai'i and Upolu; American Samoa is comprised on Tutuila, Ofu, Olosega, and Ta'u. In the southwest corner of the map, where depths are down to 8000 m, is the northern termination of the Tonga Trench. Just off to the west at about 14.5°S is a transform fault bounding the Lau Backarc Basin to the south.
to the present-day isotopic composition of EM2. This model provides an EM reservoir with much greater volume than that of oceanic crust and sediment. A more voluminous ''package'' will have greater resistance to mixing within the convecting mantle and therefore have greater possibility of staying an isolated body for the required 2.5 Ga evolution time. Another benefit of this model is that the lithosphere will be isolated and protected from subduction zone processing (such as elemental fractionations that occur within the subducted oceanic crust and sediments during metamorphism and devolatilization).
Geologic Setting
[8] The Samoan islands and seamounts are centered on 14°S latitude and stretch from 169-173°W longitude (Figure 2) . They sit $100 km north of the northern termination of the Tonga Trench, on $110 Ma oceanic crust of the Pacific Plate which is moving 25.8°WNW at 7 cm/yr [Sella et al., 2002] . The Samoan volcanoes separate into two topographic ridges, both subparallel to the direction of plate motion: the Savai'i -Upolu -Tutuila -Malumalu group define the southwestern (and generally older) lineament, and the MuliOfu/Olosega -Ta'u -Vailulu'u group define the northeastern (and younger) lineament. We will designate these the ''Malu'' and ''Vai'' Trends, respectively. The recently mapped leading-edge seamount, Vailulu'u, rises from 5000 meter seafloor to a summit depth of 590 m [Hart et al., 2000] . Recent volcanic activity at Vailulu'u has been documented with the following observations: elevated water temperatures and particulate contents within the summit crater, a halo of intense particulate matter surrounding the summit in the depth range of 600-800 meters, high Mn concentrations and 3 He/ 4 He ratios (up to 9 R A ) in the crater water, swarms of seismicity, and dredged rock samples with U-series ages of 5-50 years [Hart et al., 2000] . The age-progression heading west from this present-day hot spot location approximately follows the plate velocity of 7 cm/yr and includes the seamounts Lalla Rookh, Combe, and Alexa, which is 1750 km west of Vailulu'u [Duncan, 1985; Natland and Turner, 1985; McDougall, 1985; Hart et al., 2000; Hart et al., unpublished data, 2003] . Malulu seamount and Rose Atoll to the east of Vailulu'u do not have Samoan isotopic signatures (Hart et al., unpublished data, 2003) , and are most likely associated with the Cook-Austral lineament.
[9] As if burning the candle at both ends, posterosional volcanism has been extensive on the westernmost island of Savai'i (with the most recent eruptive episode taking place from 1905-1911) as well as being documented on the islands of Upolu and Tutuila (but here, all prehistoric, and much less extensive) [Kear and Wood, 1959; Keating, 1992] . Although the pervasive post-erosional veneer on Savai'i has disrupted the age-progression model (Savai'i should be $5 Ma based on the plate velocity model) and has lead to debates about the origin of the Samoan volcanoes [e.g., Natland, 1980] , we believe there is little doubt about the chain originating from hot spot volcanism. The atypical volume of post-erosional volcanism on Savai'i is possibly due to the complicated tectonic setting of the volcanic chain. Since Savai'i is closest to the Tonga Trench, it is reasonable that bending stresses are facilitating additional melt extraction from the upper mantle [e.g., Hawkins and Natland, 1975 ; J. H. Natland, The Samoan Chain: A shallow lithospheric fracture system, manuscript in preparation, 2003].
[10] Tectonic reconstruction of the region [Brocher and Holmes, 1985; Pelletier et al., 1998; Zellmer and Taylor, 2001] show that the transform-fault bounding the northern Tonga Trench evolved $6-8 million years ago from the fossil Vitiaz Trench in response to opening of the Lau back-arc basin. Studies of the chemical characteristics of the northern Lau back-arc basin seamounts and seismic profiling beneath the basin collectively suggest leakage of Samoan plume material into the northern Lau Basin through a tear, or window, in the paleo-slab of the Pacific Plate subducted at the Vitiaz Trench. Geochemical evidence includes high 3 He/ 4 He lavas of some Lau Basin seamounts [Poreda and Craig, 1992; Turner and Hawkesworth, 1998 ], with trace element and isotopic compositions which are more characteristic of OIBs than MORBs or IABs [Ewart et al., 1998; Danyushevsky et al., 1995; Wendt et al., 1997] . Seismic studies by Millen and Hamburger [1998] and Chen and Brudzinski [2001] illustrate a remnant slab of the Vitiaz subduction that has detached from the warped Pacific Plate, thereby providing an unobstructed path for melt/mantle migration from the Samoan plume into the Lau Basin. By speculation, this suggests that the Samoan plume beneath the Pacific Plate is much more widespread than the discrete lineament of volcanoes would indicate. Also, the exact location of the Samoan volcanoes may not necessarily be where the plume upwelling is ''strongest'', but instead where the plume fortuitously intersects a structural weakness imparted to the lithosphere by tectonic stresses of the local area. The en-echelon nature of the volcanic edifices may provide witness to this structural control (see Natland, manuscript in preparation, 2003 , for a full discussion of this idea).
Samples and Analytical Details

Sample Locations and Descriptions
[11] Rock samples utilized in this study have been collected from both land and sea. The seamounts Vailulu'u, Muli, and Malumalu, along with submarine portions of Ta'u, were dredged during the 1999 AVON2/3 cruise of the R/V Melville. Landbased sampling of Savai'i and Upolu, conducted in 2001, was aimed at expanding the coverage of ''old shield'' (namely, the Fagaloa Volcanic Series [Kear and Wood, 1959] ), thereby establishing a greater temporal coverage of the Samoan plume. On Upolu, we sampled the southwestern exposure of the Fagaloa Volcanics; this is a topographic high with well-developed river valleys referred to as A'ana by the local inhabitants. Our Upolu samples primarily come from along or near the Matafa'a coastline and Fagalei Bay. Samples from Savai'i were collected from the north-central shore, where exposures of Fagaloa Volcanics were mapped over a 20 km 2 relative topographic high [Kear and Wood, 1959] . This area is bound to the east by the village of Vaipouli, contains the Muliolo and Eatelele Streams, and is bound to the west by an escarpment that leads down to the village Paia.
[12] Subaerial sampling of Ta'u, the youngest island of the chain, was conducted in 1999 and was principally concentrated along the coastline. The sampling was temporally diverse, in that all five of the volcanic series mapped by Stice and McCoy [1968] are represented. Unlike the older and larger islands of Savai'i and Upolu, Ta'u Island manifests from only one main shield volcano; this simplified structure is reflected in the isotopic homogeneity observed for Ta'u, as will be discussed in following sections.
[13] Phenocryst abundances in Samoan lavas range from 0% to 50% and include the following minerals in decreasing modal abundance: olivine, clinopyroxene, plagioclase, orthopyroxene, and Ti-augite. Phenocrysts are most common in samples from Vailulu'u and least common in samples from Savai'i and Upolu. In thin section, some samples show two populations of olivine in which a coarse-grained population (2-10 mm) shows resorption boundaries and a smaller-grained population (1-2 mm) shows almost no embayed crystal boundaries. However, for most samples, olivine major element compositions (Jackson et al., unpublished data, 2003) show that phenocrystic olivines are in Mg-Fe equilibrium with the coexisting liquids. Some samples (especially T14) have glomerocrysts of olivine (±spinel). Plagioclase, clinopyroxene, and oxides are the most common matrix minerals. Hand-samples can generally be classified as aphanitic basalt, olivine basalt, picrite or (rarely) ankaramite. Alteration, in the form of iron-oxide, is most prevalent in the Savai'i and Upolu samples. Sample 63-11 from Vailulu'u crater shows hydrothermally precipitated quartz rinds along some cracks and grain boundaries. We include these data in the present manuscript, as they are previously unpublished; any differences in analytical techniques are reported in the corresponding data tables.
Analytical Techniques
[15] Sr, Nd, and Pb isotopic analyses were carried out with conventional ion exchange procedures (references in Taras and Hart [1987] ), using whole rock powders, prepared in an agate shatterbox, and leached for 1 hour in warm 6.2 N HCl. The TIMS techniques are described by . Sr and Nd isotope data carry 2s precisions of ±35 ppm and ±40 ppm, and are reported relative to 0.71024 (NBS 987) and 0.511847 (La Jolla), respectively. Some samples run for Sr and Nd by NEPTUNE multicollector ICP/MS at W.H.O.I. are of comparable precision to TIMS anaylses. The precision of TIMS Pb data is taken to be 0.05% per mass unit after fractionation-correcting to the NBS 981 values given by Todt et al. [1996] . Pb isotopic compositions of some samples were also determined on the P54 multicollector ICP/MS in Lyon, with 2s precisions of all ratios of $200 ppm. Additionally, the Upolu and Savai'i sample suite was analyzed on the NEPTUNE multicollector ICP/MS at W.H.O.I.; using a Tl internal standard, the 2s external reproducibility for these samples was ±100 ppm or better for all ratios [see . Helium isotopic compositions ( 3 He/ 4 He R A , relative to atmospheric standard) of olivine and/or fresh glass separates ($1-3 mm) were determined at W.H.O.I. by in vacuo crushing, using methods described in Kurz et al. [1996] 
Sample Preservation/ / / / /Quality
[16] Despite sampling of lavas from older shield and submarine settings, the quality of preservation is generally very good. The Th/U ratios of the sample suite fall entirely within 4.5 ± 1.5 (with the exception of sample S15 at Th/U = 6.7) and show a slight (although rough) positive correlation with Th concentrations. The Ba/Rb ratios have an average of 9.3 ± 1.8 at 1s (near the canonical value of $12 for fresh ocean island basalts [Hofmann and White, 1983] ) and are inversely correlated with Rb concentrations; significant exceptions to this correlation are samples 79-4, S15, and S25, with Ba/Rb ratios of 17.2, 14.0, and 3.7, respectively. We take these two proxies of alteration as indications that elements as or less mobile than Rb and U are very nearly pristine for most samples. However, elevated Rb/Cs ratios (176 ± 70 at 1s) in the subaerial Upolu and Ta'u samples are most likely explained by chemical weathering and contrast strongly with the roughly canonical values (85-95 [Hofmann and White, 1983] ) represented by the remaining suite (97 ± 30 at 1s).
Age Relationships and Age Progression
[17] Vailulu'u seamount, the most easterly volcano in the Samoan chain, is currently active and believed to be the present-day hot spot center [Hart et al., 2000] . U-series data constrain two samples from Vailulu'u's summit region to be less than 50 years old; 7 other samples from six dredge locations show excess 230 Th/ 238 U, evidence of ages less than a few hundred thousand years (Sims and Hart, manuscript in preparation, 2004) . The oldest K-Ar age from Tau Island is 0.3 Ma [McDougall, 1985] . The youngest volcanic series on Tau (Faleasao) is probably younger than 37,000 years, based on 14 C ages of coral inclusions in these volcanics (Hart, unpublished data, 2003 [McDougall, 1985; Natland and Turner, 1985] , somewhat younger than the 2.3-2.7 Ma expected from plate motion considerations.
[18] New high-quality 40 Ar/ 39 Ar step-release plateau ages are given in Table 1 for the northern shield on Savai'i and the SW shield on Upolu, along with an earlier 40/39 total fusion age for the Vanu River shield on Savai'i. Previous K-Ar ages on the eastern Upolu shield range from 1.54 -2.74 Ma [Natland and Turner, 1985] ; our western shield ages are 0.93 and 2.65 Ma. The older age agrees with the older ages of the eastern shield, though both shields appear younger than the expected plate model age range of 3.9-4.5 Ma. The 0.93 Ma sample (U10) was collected from well within the interior of the eroded SW shield massif, and appears to be reliable evidence for an extended ($2 Ma) period of shield building on Upolu.
[19] There are no published radiometric ages from Savai'i. On the basis of a plate velocity of 7 cm/year, the age expected for shield initiation on Savai'i is about 5.2 Ma; the two ages reported in Table 1 for the northern (Manase) shield, 0.24 and 0.39 Ma, are far younger than this expected plate age. Kear and Wood [1959] mapped this northern area as shield largely on the basis of abundant surface streamflow. However, we found no obvious evidence of unconformable erosional morphology in this area, and the geochemical evidence discussed below strongly suggests that this map unit is akin to the posterosional basalts on Savai'i and Upolu, and unlike the Upolu shield basalts. The young 40 Ar/ 39 Ar ages are consistent with a re-assignment of this unit to post-erosional status. In the southern interior of Savai'i, Kear and Wood [1959] mapped a small exposure of shield in a gorge on the upper Vanu River. This area is virtually inaccessible, but a trachyte cobble was collected from the lower Vanu River by one of us (KAF) in 1991, and the 40/39 total fusion age of this trachyte is 2.05 Ma (Table 1) . While still significantly younger than a plate-model age, this trachyte age is nevertheless very important as it shows that not all of the volcanism on this island can be related to proximity to the Tonga trench, as suggested by Natland [1980] ; at 2 Ma, the corner of the Tonga trench was almost 400 km west of Savai'i [Bevis et al., 1995] . On the other hand, there can be little doubt that Savai'i has been massively re-surfaced with posterosional volcanism as proposed by Natland [1980] . The early history of this island will probably only be accessed by dredging on the deeper flanks, where slope failure provides an exposed record.
[20] All in all, the radiometric ages of shield lavas in Samoa are broadly consistent with a simple ageprogressive hot spot track, in that ages generally increase from east to west. However, it is clear that shield ages are overall younger than those predicted by plate motion, most likely because the oldest incipient shield lavas are not sampled at the Step-release heating from 600°-1400°C. 2-sigma errors include measurement uncertainties, and uncertainty in J-value (flux gradient from FCT-3 biotite monitor), but not uncertainty in monitor age. 91SVK-7 is a trachyte cobble from the lower Vanu River, analyzed by K. A. Farley. surface of present-day volcanoes. While the earliest stages of shield building on Tutuila, Upolu and Savai'i are thus far missing from the sampled record, it would be premature to use this as evidence against a simple hot spot model for Samoa.
Magma Generation and Crystal Fractionation
[21] In major element composition, the Samoan basalts and trachy-basalts analyzed for this study are clustered just above the alkali-tholeiite line [MacDonald and Katsura, 1964] at 44-49 wt% SiO 2 (Figure 3 ; Tables 2 and 5). Samples that fall into the tholeiitic field are, for the most part, from Vailulu'u Seamount, and three of these are highly picritic. Post-erosional lavas (on Savai'i, Upolu and Tutuila) overlap with the shield volcanics, but extend to much greater silica-undersaturation (basanites and nephelinites down to 36 wt% SiO 2 [Hawkins and Natland, 1975; Johnson, 1983; Hauri and Hart, 1997] Figure 3 are trajectories of nearsolidus primary melt compositions at varying pressures of melting in the garnet stability field, using algorithms defined by Herzberg and Zhang [1996] through experiments on KLB-1 peridotite. Recent experiments on another fertile peridotite (KR4003 starting material [Walter, 1998 ]) show primary melt compositions with a general shift to higher MgO at a given pressure (by $5% in the 4-5 kbar pressure range). Most of the Samoan lavas have undergone some amount of crystal fractionation, as indicated by the fact that they have significantly lower Mg#'s than any estimated primary mantle melts.
[22] The relationship between Mg#'s and CaO shown in Figure 4 provides information regarding both magma generation and crystal fractionation.
Plotted along with lava compositions is the trajectory of primary mantle melt compositions [Herzberg and Zhang, 1996] . To assess the extent of differentiation and the minerals involved, we have used the pMELTS program [Ghiorso et al., 2002] to model anhydrous fractional crystallization (at a best-fit pressure of 3-4 kbar) of some of the more primitive lavas (Ta'u samples T14 and T48, Vailulu'u sample 63-3, and Malumalu sample 78-1). PMELTS trajectories calculated with 1 wt% H 2 O, at a given pressure, are nearly identical to anhydrous runs at 1 kbar lower pressure (not shown). All starting compositions have olivine as the second liquidus phase (after spinel), leading to a negative slope for the liquid path on Mg# against CaO ( Figure 4 ). The kink to positive slopes on the liquid lines of descent marks the crystallization of cpx ± olivine ± plagioclase. As CaO content of the starting magma decreases, clinopyroxene (cpx) saturation occurs at lower Mg#'s. A suite of submarine Samoan glasses (Table 3) has also been plotted on Figure 4 and shows that true liquids follow the lines of crystal fractionation predicted by pMELTS.
[23] Suites of lavas from each volcano cluster along fairly distinct Mg#-CaO fractionation trends. By projecting the olivine fractionation trends for the different volcanoes back to the primary mantle melt trajectory, we can interpret that the Samoan lavas were generated in the pressure range of 2.5-6 GPa; the order of increasing pressure of melting would be Vailulu'u < Ta'u/Malumalu < Tutuila/ Upolu/Savai'i. The extrapolated primary magmas in this model have an extensive range in MgO, from 11 wt% at lowest pressure to 22 wt% at 6 GPa. To get integrated pressures of melting as high as 6 GPa, melting would have to initiate at depths exceeding 180 km and terminate at depths much deeper than the thickness of the lithosphere ($100 km). Given estimates for potential temperatures of plumes ($1550°C [Watson and McKenzie, 1991] ) and water-undersaturated solidi [Hirth and Kohlstedt, 1996] , the depth of initial melting is close to 180 km and therefore cannot be the integrated depth of melting. The above approach is strictly valid only if the lavas from each volcano are derived from a constant source composition. We Figure 3 . Major element compositions of Samoan basalts. Plots include data from Hauri and Hart [1997] for Savai'i lavas. Alkali-tholeiite line is from MacDonald and Katsura [1964] . Trajectories of compositions for primary melts from fertile peridotites are plotted on some of the MgO diagrams, using the algorithms of Herzberg and Zhang [1996] in the pressure range of 2 -8 GPa (tick marks every 0.5 GPa). conclude that this CaO index for pressure of melting is rather rickety, given the isotopic variations between volcanoes that will be discussed further into the paper, and that the order of ''increasing pressure of melting'' is clouded by the extent to which melts were generated from a depleted (low CaO) material.
[24] The Vailulu'u samples are not only high in CaO (also Ca/(Ca + Na) and CaO/Al 2 O 3 ) at a given MgO value, but they are also low in Na 2 O, TiO 2 , and FeO. This suggests they have the most promise in being interpreted as the shallowest, highest degree partial melts in the whole sample suite [Kinzler and Grove, 1992; Herzberg and Zhang, 1996; Walter, 1998 ]. Melting beneath the other volcanoes may be initiated deeper in the mantle, possibly due to (1) differences in source composition (required by isotopic variations), (2) higher potential temperatures and mantle flow rates, or (3) mantle flow paths which affect meltsolid segregation. The Vailulu'u suite is fit fairly 2+ is taken to be 85% of reported FeO. Compositions of primary melts from fertile peridotite are plotted using algorithms from Herzberg and Zhang [1996] in the pressure range of 2 -8 GPa; tic marks are every 0.2 GPa. Crystal fractionation trends have been calculated using pMELTS at pressures of 3 and 4 kbar for best fits to compositional trends starting with some of the most MgO-rich lavas. Mass of olivine crystallized (expressed as a percent of the total initial mass) before clinopyroxene saturation is noted at the high Mg# end of the liquid lines of descent. Tics along liquid lines mark fractions of initial mass crystallized in steps of 10%, starting with 20%. Primary melts can be interpreted to have integrated depths of melting from 2.5-6 GPa, but CaO variations in the lavas more likely represent CaO contents of a heterogeneous mantle source. Plot includes data from Hauri and Hart [1997] for Savai'i lavas. well by a crystal fractionation trend at a pressure of 3 kbar, and indicates cpx fractionation has likely occurred for most samples.
[25] For Ta'u and Malumalu, olivine fractionation clearly dominates the spread in lava compositions. A few samples with Mg#'s greater than $73 have obviously accumulated olivine (they are phenocryst-rich), but most samples lie along olivine fractionation lines or at the intersection of the olivine control line and cpx saturation (Figure 4 ). Three Ta'u samples have compositions close to those of the Muli samples and have surely undergone cpx fractionation; these samples also have the lowest concentrations of the cpx-compatible elements vanadium and scandium in the whole suite (not shown). If parental magmas for all the Ta'u and Muli samples were of nearly the same composition, liquid lines of descent indicate that these low Mg# lavas have undergone about 15% more olivine fractionation than samples T14 and T48, along with 25% cpx fractionation.
Isotopes and Trace Elements
Global Context
[26] Plotted on the three-dimensional axes of Figure 5 is the mantle tetrahedron of Hart et al. [1992] , with data from the ocean island chains which quintessentially define the coordinates for each of the mantle components, EM1, EM2, and HIMU. Data arrays for individual island chains, as well as groups of taxonomically similar island chains, quasi-linearly extend from one of the three OIB end-member components toward FOZO, the common mantle; very notable is the serious lack of elongation of arrays along tie-lines between the three OIB components. Pb found in EM2 basalts is small relative to the composite oceanic suite.
[27] Strontium, neodymium, lead, helium, and osmium isotope ratios for Samoan basalts are given in Tables 4 through 6 . Isotope plots (Figures 6-9) show this new data along with data reported in previous studies [Wright and White, 1987; Farley et al., 1992; Nd, comprised of lavas from Upolu and Tutuila, are significantly elevated (at e Nd of +3 and +5, respectively) over the BSE value of 0.512638 [Hamilton et al., 1983] . The other notable EM2 hot spot, the Societies, overlaps the lower prong of the ''serpents tongue'', and is generally shifted to less-enriched Sr and Nd values. The classic EM1 array (Pitcairn) lies well below the Samoa array.
[28] The sample group on the high 143 Nd/ Pb side) of the terrestrial Pb Geochron and are in the midrange of the elongate, worldwide OIB cluster; they are situated entirely above the Northern Hemisphere Reference Line (NHRL [Hart, 1984] He value of EM2 is either inherent to the EM2 source, or is a product of diffusive equilibrium with the upper mantle over long timescales (see section 9).
[31] The trace element character of the Samoan lavas display typical OIB features [Hofmann, 1988; Weaver, 1991] , with trace element enrichments up to 100 times primitive upper mantle (PUM), the highest normalized concentrations at the highly incompatible elements, and negative anomalies at Hart et al. [1992] . Arrays from end-member defining island chains have been plotted using the GEOROC database and data presented in this manuscript. Island chains plotted for HIMU are in blue and include Tubuaii (crosses), Mangaia (plusses) nd St. Helena (triangles). EM1 islands are in green and include Pitcairn (green diamonds) and Walvis Ridge (green circles). EM2 islands are in red and include Samoa (red diamonds), Societies (red crosses), and the Marquesas (red triangles). Red bars along the axes mark the range of values for the Samoan Islands. EM2 has been extended from its previous coordinate [Zindler and Hart, 1986] Cs, K and Pb (Figure 10 ). The largest inter-volcano differences are at Pb, Rb, Ba, and Th. Weaver [1991] employed the trace element ratios Rb/Nb, Ba/Nb, Ba/Th, and Ba/La to distinguish between the EM1 and EM2 species. He used these trace elements to argue for a recycled sedimentary component as the cause for the EM signature, and ascribed the difference between EM1 and EM2 to a pelagic versus terrigenous sedimentary provenance. Therefore a comparison between the Samoan lavas (extreme EM2) and those from Pitcairn (extreme EM1) should theoretically show the greatest differences in these ratios. However, recent studies on Pitcairn lavas [Dostal et al., 1998; Eisele et al., 2002] show nearly complete overlap with the Samoan lavas for Weaver's classification ratios, unlike the clear distinction between EM1 and EM2 previously reported for lavas with less extreme end-member signatures (Figure 11 ). This result makes the trace element differences between EM1 and EM2 very difficult to resolve and discourages the description of EM1 and EM2 as having ''pelagic'' and ''terrigenous'' components, respectively. Furthermore, the Plank and Langmuir [1998] study of the compositions of sediment being subducted at today's convergent margins shows that pelagic and terrigenous sediments are: (1) not notably different in trace element ratios such as Ba/Th, and (2) not typically occurring alone in subducted sedimentary sections, but are instead components of the whole, mixed sedimentary package. Hence generating mantle end-members by recycling of only pelagic or only terrigenous sediment seems physically unlikely.
Shield Versus Post-Erosional
[32] As initially observed by Wright and White [1987] , post-erosional (PE) lavas are isotopically distinct from all shield lavas. There is a commonality among the PE lavas from all along the chain (Savai'i, Upolu and Tutuila), in contrast to the (Figure 7) is unusual, as it is elongate in an almost inverse direction to the shield trend [Wright and White, 1987] .
[33] Overall, the new Savaiian lavas are all of the same chemical nature as the post-erosionals, even though many are samples of the oldest-mapped flow series on the island (Fagaloa Series [Kear and Wood, 1959] ). These Savai'i lavas, as well as most other PE lavas, are clearly distinguishable from shield lavas by having the highest Nb/U and Ba/(La, Sm, Nb, Th) ratios of the whole sample suite (Figure 12 ). Given the earlier discussion of the young radiometric ages for this ''shield'' series, we believe this sequence is in fact post-erosional, and not shield. The alternative explanation, that all of Savai'i is young and not part of an ageprogressive Samoan hot spot track, is belied by the 2.05 my age for a trachyte cobble from the Vanu River valley (see above). Either way, we cannot rule out the possibility that PE lavas and shield lavas are geochemically the same on Savai'i, but nowhere else in Samoa.
[34] What accounts for the distinct trace element and isotopic differences between shield and PE lavas? The commonality among Samoan PE lavas possibly derives from a similar history of being brewed and aged in the crust and lithosphere, unlike shield lavas that may have a shorter residence time in this shallow environment. Local Tongan sediments (from DSDP Site 595/596, about 1000 km southeast of Samoa) have Pb isotopic compositions [Plank and Langmuir, 1998 ] with the general characteristics of PE lavas (Figures 7  and 8 ). Pb isotopic compositions of marine sediments are highly variable over short distances and other sediments could likely be found nearer to Samoa that provide closer fits to the Samoa posterosional Pb field (which lies near the lower end of the general marine sediment array [Abouchami and Goldstein, 1995 [Eiler et al., 1997] ) which are elevated over upper mantle values and can be interpreted to reflect the heavy values documented for marine sediments (also see discussion below). In other words, we cannot rule out the late-stage incorporation of modern marine sediments in PE lavas based solely on isotopic compositions. Trace element ratios may provide a stronger constraint on the presence or absence of a modern sediment component; one would expect the PE lavas to inherit the high Pb/Ce, high REE/ HFSE, low Sm/Yb, and Ba-enriched ratios characteristic of both local and globally averaged marine sediments (see Figure 17 ) [Plank and Langmuir, 1998 ]. This is not the case for the [Plank and Langmuir, 1998 ]; PHEM, Primtive Helium Mantle [Farley et al., 1992] . xenolith data derives from cpx and glass separates from Savaiian xenoliths. See Figure 6 for other references. PEs, which have, of all suspected traits, only notably high Ba (Figures 11 and 12 ).
Mixing Arrays
[35] The spread of isotopic compositions in the Samoan lavas can be attributed to either (1) processes that generate an infinite number of chemical (i.e., parent/daughter) heterogeneities within the mantle that, upon long-term storage, evolve into an infinite number of isotopic heterogeneities or (2) processes that produce a small number of unique chemical compositions that, upon long-term storage, result in a limited number of ''end-member'' isotopic compositions available for mixing. In order for the first option to produce sublinear arrays in 2-D and 3-D isotope space, there must be a single process which acts systematically to varying degrees or at various times. Hence talk of or modeling of the most extreme values (i.e., endmember mantle components) is the same in either case.
[36] The lavas from Malumalu undeniably establish the existence of a reservoir with high 87 [Plank and Langmuir, 1998 ] and local Tongan sediment (Site 595/596 [Plank and Langmuir, 1998] lavas ( Figure 8 ). Therefore for recycled sediment to have evolved to the EM2 coordinate in Sr-Nd-Pb isotope space, subduction zone alteration of ancient sedimentary packages needed to be very specific: U/Pb and Th/Pb must increase, while Rb/Sr and Sm/Nd remain very much the same. In the dehydration of subducted oceanic crust, this is shown to be the case for all systems except Rb/Sr: Rb is about 5 times more mobile than Sr [Ayers, 1998 ], so the final dehydrated product has significantly lowered Rb/Sr ratios. Experiments on the dehydration and melting of sediments [Johnson and Plank, 1999] give rather inconclusive results for relative trace element partitioning of these parent/daughter ratios, and suggest that partitioning can be extremely variable depending on the minerals present and the degree of dehydration.
[37] Although the Samoan lavas are isotopically extreme, the ''pure'' EM2 signature may be even more extreme. For example, clinopyroxene and glass separates from peridotite xenoliths from Savai'i studied by upper mantle (i.e., it could be part of the plume), although it's most easily visualized as being there given current notions of mantle dynamics. Regardless of these disclaimers, the use of anything but a generic DMM isotopic composition is arbitrary, and ultimately only compromises the generality of our observations and conclusions.
[39] The high 206 Pb/ 204 Pb, low 87 Sr/ 86 Sr component (obvious in the Ta'u and Vailulu'u lavas; Figure 13 ) is suggestive of mixing with a HIMU mantle component. This component may also be present in the Samoan plume, but there is reason to believe HIMU material has under-plated the Samoan lithosphere in the past. Calculated hot spot tracks show that 20-25 million years ago, the Cook-Austral plume was located beneath the lithosphere on which the Samoan Islands presently sit [Norton, 2000] . The Cook-Austral chain shows great variation in isotopic compositions (Figure 14) , not all of which would fit the Samoan data in multi-isotope space. However, there is one volcano, Raivavae, which has the isotopic compositions appropriate to be a significant component in the Vai Trend lavas (Figure 14 ; data from GEOROC database); we are not suggesting that Raivavae itself is contributing to the Samoan lavas, but that isotopically similar material may be underplating the Samoan island chain.
[ Figure 11 . Ba/Th versus Rb/Nb for lavas from Samoa [this study ; Hauri and Hart, 1997] and Pitcairn [Eisele et al., 2003] showing that Weaver's [1991] distinction between EM1 and EM2 trace element characteristics do not hold up to comparisons of lavas from end-member defining island chains (see Figure 5 ). Pitcairn and Samoa show complete overlap in Ba/Th and Rb/Nb, whereas Weaver [1991] showed separate fields for EM1 and EM2 lavas. Plank and Langmuir [1998] report that terrigenous and pelagic sediments have indistinguishable Ba/Th ratios, each with a range of 10 -220, with exceptions being rare hydrothermal clays and hemipelagic clays that are heavily enriched in Ba. Therefore the reason for initially identifying EM1 and EM2 as having recycled ''pelagic'' and ''terrigenous'' sediment, respectively, proves unfounded with further data collection. [Graham et al., 1993; Hanyu and Kanoeka, 1997; Hilton et al., 2000] and likely explains why Vailulu'u (with the largest HIMU component) is in parallel with Malumalu on Figure 9 . Therefore all three end-member components discussed above have low 3 He/ 4 He, thus requiring an additional reservoir to account for high 3 He/ 4 He. High 3 He/ 4 He values are found in the center of the Samoan Sr-Pb data array, at Ta'u and Tutuila, and generally decrease toward the outer fringes ( Figure 13) . Farley et al. [1992] Hart et al. [1992] ), and not bulkearth-like values assigned to PHEM.
[41] All four mantle components are in the Samoan plume from a magmatic standpoint. However, what material is coming from the deep mantle is another story. We can make a good case for the depleted component coming from entrainment of the widely documented depleted upper mantle and the radiogenic Pb component (HIMU-ish) coming from entrainment of under-plated lithosphere from the HIMU Cook-Austral chain. This means the deep mantle material within the Samoan plume is dominantly EM2 and PHEM/FOZO. The sequence of mixing these components is difficult to ascertain, as the length scale of compositional heterogeneity and differences in solidus temperatures (i.e., solid versus melt mixing) are unknown. Figure 12 . Plot of Nb/U versus Ba/Sm used to highlight the trace element differences between shield and posterosional lavas in Samoa. The new Savai'i lavas, sampled from the oldest mapped volcanic series on the island (Fagaloa Series [Kear and Wood, 1959] ), plot in the same field as post-erosional lavas from all along the Samoan chain. This leads to the conclusion that either post-erosional lavas and shield lavas are the same on Savai'i, or posterosional volcanism has been unusually extensive. (Figure 15 ), has remarkable correlation and is striking in its implication of a systematic evolution of plume material or mantle processes. Pb with younging of volcanoes is interpreted to be a waning of the DMM component in the Samoan lavas, with a resulting increase in the abundance of EM2 and HIMU components. The separation of the Vai and Malu Trends in Pb-isotopic space indicates a higher HIMU/EM2 ratio in the Vai Trend.
Spatial/ / / / / / / /Temporal Evolution
[43] Moving east along each of the two Trends, there are systematic increases in K/Na, Rb/Sr, La/Sm, La/Yb, Ba/Sm, Th/Nb, Th/Zr, Nb/Y, Nd/Sm, Nb/Zr, and U/Nb ( Figure 16) ; in other words, incompatible-element-enrichment increases with Pb isotopic enrichment, distance, and decreasing age. Owing to correlations between isotopes and trace elements like those seen in Figure 16 , variations in trace element ratios are easily attributed to differences in composition between the low 206 Pb/ 204 Pb source and the high 206 Pb/ 204 Pb sources. However, we are witness not to the source compositions, but to the products of ''source processing''. Because the process of melt generation has maintained (or not overly obscured) trace element correlations with isotopic compositions, we can infer some characteristics of the sub-Samoan mantle.
[44] Possible explanations for the systematic chemical evolution of the Samoan plume include the following.
[45] 1. The plume material displays horizontal zonation, implying a length-scale of heterogeneity on the order of volcano spacing, as has been suggested for the Hawaiian Islands (see below). In this case, trace element variations are truly source variations.
[46] 2. The mantle is lithologically homogeneous, for which peridotite components of variable composition occur in the same proportions beneath all Samoa, but exist on a length-scale large enough to allow preservation of disequilibrium between the components. In this case, variable potential temperature of the plume would result in preferential sampling of components based on their respective solidus temperatures. Enriched materials would be sampled at small degrees of melting and trace element enrichment is partly a function of degree of melting.
[47] 3. A vertically stratified plume changes composition and/or physical properties as upwelling proceeds, affecting the degree of entrainment of ambient upper mantle and lithospheric assimilation.
[48] In the Hawaiian Islands (an EM1 plume), isotopically distinct, topographic en echelons, named the ''Kea'' and ''Loa'' Trends, have also been documented [Tatsumoto, 1978; Staudigel et al., 1984; Abouchami et al., 2000] . The Society Islands (another EM2 archipelago) display similar subparallel trends in both geographic and Pb isotopic space (using data compiled in the GEOROC database). However, nothing so temporally systematic as that in Samoa has been previously reported. Chemical zonation of a mantle plume [e.g., Kurz et al., 1995; Hauri et al., 1996; Lassiter et al., 1996; DePaolo et al., 2001 ] may explain isotopic lineaments within island chains, but fails to address how this chemical heterogeneity may translate into topographic features. On the other hand, creation of topographic lineation as a consequence of either (1) the lithosphere's structural response to loading [e.g., Bercovici, 1999, 2000] or (2) magma rising in ''plumlets'' instead of a continuous stream [Ihinger, 1995] ignores the fact of correlative chemical variations. Even so, some common dynamic feature clearly exists, independent of mantle taxonomy, for the way in which plumes forge through the mantle/crust, melt, and arrive at Earth's surface.
Calculation of a ''Pure'' EM2 Lava
[49] The following calculation is aimed at defogging the trace element pattern for lavas of the enriched end-member, through ''un-mixing'' (subtracting) Ta'u lavas (average 87 Sr/ 86 Sr = 0.7046) from the most EM2-rich Malumalu lavas, under the assumption that the highest 87 Sr/ 86 Sr lavas are, instead of pure EM2 melts, still somewhat contaminated by melts from a depleted/less enriched mantle. As a group, Ta'u lavas are closest to the PHEM mixing component (Figures 13 and 14) . By this calculation, trace element differences between un-enriched and enriched mantles are accentuated, and help to clarify the trace element characteristics of the EM2 source.
[50] We extrapolate to the end-member trace element pattern of an EM2 melt in effect by subtracting the averaged trace element composition of Ta'u lavas from the Malumalu lavas until the 87 Sr/ 86 Sr composition equals 0.7128; this value derives from an analysis of cpx contained in a metasomatized peridotite xenolith from Savai'i . Although these xenoliths are not an extension of the Samoan Pb isotope array (Figures 7 and 8) , for lack of a better stopping point, they do place an upper limit on oceanic mantle Sr isotopic ratios.
[51] Mixing between Ta'u and a ''pure'' EM2 component to make the most enriched Samoan samples (Malumalu samples 78-1 and 78-3) is calculated with the following two equations:
The concentration of Sr ([Sr] ) in EM2 and the fraction of the EM2 melt, F, are solved simultaneously so that the right hand of equation (1) Pb, and plotted with trace element ratios. Figure 17a show the average of Ta'u lavas, the average of the two most enriched Malumalu lavas, and a calculated EM2 lavas based on extrapolation between Ta'u and Malumalu trace element patterns shown here. All lavas have been corrected for olivine fractionation. In Figure 17b , the calculated EM2 lava is compared to trace element patterns for globally subducting sediment (GLOSS) and a local Tongan sediment (both from Plank and Langmuir [1998] ). Clearly, the trace element patterns between the EM2 lava and sediment are a nearzero match. for the EM2 melt by using the structure of equation (2) and are reported in Table 7 . Lava compositions used in this calculation have been corrected for crystal fractionation by incremental addition of olivine (or subtraction in the case of 78-1, 78-3 and 74-1) until the melt compositions reaches a Mg# of 73 (olivine addition ranges from 10-51%; olivine subtractions are 10%, 7% and 23%, respectively). Note from Figure 4 that Ta'u and Malumalu have very similar crystal fractionation trajectories with minimal cpx loss. All Ta'u samples have been utilized except for T21 which is plagioclase-rich and T44 which is an ankaramite.
[52] The resulting fraction of EM2 ''melt'' in the Malumalu ''mixture'' is 51%, and the resulting 143 Nd/ 144 Nd ratio for the EM2 component equals 0.51235. Figure 17 shows the trace element pattern for the calculated ''pure'' EM2 melt component; note enrichments at Rb and Th that are almost 120 times PUM, negative anomalies at Cs and Ba, and an almost non-existent Pb anomaly. The REE slope of the calculated EM2 melt is steeper than both Malumalu and Vailulu'u, and the overall trace element pattern from U to the right is remarkably smoother than either the Malumalu or Vailulu'u pattern, save for dips at Sr and Ti. In general, the degree of enrichment in the EM2 melt is greatest for the highly incompatible elements.
[53] The calculated trace element pattern of the ''pure'' EM2 melt is compared to (1) an estimate of global subducting sediment (GLOSS) [Plank and Langmuir, 1998 ] and (2) a local sediment from DSDP Hole 595/596 analyzed for the GLOSS compilation (Figure 17) . Clearly, the sediment trace element patterns are very different from the calculated EM2 component. In particular, the sediment spidergrams are marked by large negative anomalies of the high-field-strength elements (HFSE; Nb, Ta, Zr, and Hf), and large positive Pb and Ba anomalies, whereas the calculated Samoan enriched component has no such features; in fact, the Ba anomaly becomes more negative in the EM2 melt. Also, the heavy rare earth-element slope of the EM2 melt is significantly steeper than the sediment patterns: Sm/Yb for the sediments is 2.1 whereas for the EM2 melt is 7.2. The only argument in favor of sediment addition is the significantly decreased Pb anomaly in the EM2 melt. However, we (1) do not believe this alone lends credence to the sediment theory, and (2) show in our non-sediment model below how Pb in the EM2 source does not have a negative anomaly.
[54] Ultimately, the calculated EM2 spidergram is inconsistent with standard models invoking ancient sediment recycling to explain the enrichment of the EM2 mantle source. As discussed below, it is unlikely that any chemical processing during subduction would so effectively ''smooth out'' the typically jagged spidergram of oceanic sediment. Alternatively, if the enriched plume material is argued to derive from addition of present-day sediments, the trace element patterns of local sediments should be directly reflected in the EM2 melt and they are not. Therefore late-stage contamination of plume material with local sediment is also an unsatisfactory explanation for the observed chemical characteristics of the enriched Samoan basalts (and this point is strongly supported by the Pb isotope evidence shown in Figures 7 and 8) . Production of the EM component by deep mantle fractionations involving high-pressure phases such as Ca or Mg perovskite likewise will lead to jagged, not smooth, spidergrams [Hirose et al., 2004] . Segregation of carbonatitic melts from mantle assemblages has been used to explain elevated trace element concentrations in oceanic lavas [see Zindler and Hart, 1986] , but this process also causes irregular trace element patterns [e.g., Klemme et al., 1995; Sweeney et al., 1995; Hoernle et al., 2002] . Instead, the remarkably smooth EM2 melt spidergram gives the uncanny impression of having originated from nothing but ''unadulterated'' melting processes within the upper mantle.
Sediment Recycling?
[55] Osmium and oxygen isotopes are thought to be ''smoking guns'' for sediment/slab recycling [Eiler et al., 1997; Shirey and Walker, 1998; van Keken et al., 2002] . Owing to the incompatibility of Re [Righter and Hauri, 1998 ] and compatibility of Os [Hart and Ravizza, 1996] [Savin and Epstein, 1970; Lawrence et al., 1979; Staudigel et al., 1995; Alt, 2003] ) by low-temperature fractionation processes at the Earth's surface. This is high above the d
18
O value of 5.2% for upper mantle olivine [Ito et al., 1987; Mattey et al., 1994; Eiler et al., 1997] O of olivine up to 6.1%), explainable by the incorporation of $5% terrigenous sediment addition to DMM. Using values chosen by Eiler et al. [1997] for the concentrations of Sr, Nd, and Pb in DMM and sediments, the sediment contribution to the trace element budget in the EM2 source will be 50%, 68% and 96%, respectively, for these elements. Clearly then, the trace element pattern of EM2 lavas should reflect the trace element patterns of sediment, but they do not (see Figure 17) . Eiler et al. [1997] also mention the possibility that metasomatism can elevate d
18 O values in magmas, and the present work recommends this idea be further explored.
[57] Osmium isotopic compositions are likewise not so ''smoking'' of a sediment component. Combining data presented here (Table 4) [Meisel et al., 1996] ) and DMM ($0.125 [Standish et al., 2002] ), and is much lower than the upper limit of 0.16 displayed in HIMU and EM1 lavas Reisberg et al., 1993; Eisele et al., 2002] .
[ Os values and are not influenced by a sediment/crustal component.
[59] Although slab/sediment recycling has been a common theory for the origin of EM2 for over two decades (see section 1), there are major flaws in this train of thought. The Standard Model for generating the EM2 reservoir involves the introduction into the deep mantle of (1) oceanic crust which has been depleted of fluid-mobile elements, such as the large-ion-lithophile elements (LILE; e.g., Cs, Rb, K and Pb), by dehydration and (2) a relatively pristine (i.e., elementally unfractionated) continental crust component (i.e., terrigenous sediments). Although not typically considered in the Standard Model, it seems logical that trace elements of subducted sediments (pelagic and/or terrigenous) must be fractionated by the same process by which the subducted ocean crust is fractionated (dehydration) -especially since sediments are closer to the mantle wedge and likely to have greater water contents than the altered ocean crust. Whereas there have been experimental studies showing high trace element mobility during dehydration of subducted ocean crust (especially for the isotopically important elements Rb and Pb; see Ayers [1998] and Stracke et al. [2003] for overviews), very little similar work has been done on dehydration of subducted sediments [i.e., Johnson and Plank, 1999] . Actually, there is growing geochemical evidence that not only a fluid component, but also partial melts of subducted sediments contribute to arc magmas. The high recycling efficiencies (up to 40%) of elements which are not particularly fluid mobile, such as Be, Th and Nd (see discussion by Johnson and Plank [1999] ), suggest sediment melting is a reality, even though many thermal models predict subsolidus temperatures within the subducted sediment column [e.g., Peacock, 1996] . Regardless of the mechanism of trace element fractionations in subducted sediments, it is clear that fractionations will occur and will result in significant loss of incompatible elements, and a decrease in the mass of a possible future EM2 reservoir. Ultimately, it is grossly inconsistent to use modern, surface sediment as an approximation of the trace element and isotopic composition of a ''sediment'' component in the mantle -once subducted, the sediment will never look the same, especially for parent/ daughter ratios like Rb/Sr and Th/Pb.
[60] Additionally, since today's surface, terrigeneous sediments represent what has been extracted by convergent margin volcanism and/or continental crust formation, it is the residue, or complement, to surface sediments which should be our concern for what material is actually recycled deep into the mantle. For example, depletion of the fluid immobile elements Na and Ta in arc volcanics [Pearce and Peate, 1995] , and hence sediments [Plank and Langmuir, 1998 ], will be matched by Nb-Ta enrichments in the material that is ultimately introduced to the deep mantle. Experiments on partitioning between dehydration fluids and eclogite mineral assemblages (garnet, clinopyroxene and rutile) suggest that depletion of high field-strength elements (including Nb-Ta) in arc volcanics is due to their high compatibility in residual rutile [Stalder et al., 1998 ] and is therefore not a sediment signature. Enrichment of HFSE in the subducted slab will offset HFSE depletions in the subducted sediment. This is why decreasing Nb anomalies with increasing 87 Sr/ 86 Sr ratios, as documented for EM1 and EM2 lavas by Eisele et al. [2002] , are not supporting evidence for sediment recycling.
[61] We believe there is an alternative explanation for correlation between Nb anomalies and isotopic compositions. Figure 18 shows Nb/Nb* (calculated as Nb N / p (Th N Â La N ) [Eisele et al., 2002] Figure 18 is a trajectory for variable degree of melting of a depleted mantle, showing that small changes in F can produce large changes in both La/Sm and Nb/Nb*. Therefore variable Nb/Nb* (previously interpreted as only a source effect) can be produced by recent variations in melt production, and is most likely what causes (1) scatter in the plots of Figure 18 and (2) 
Metasomatic Origin of EM2
[62] Given the many failures of the ''sediment recycling'' model for EM2, as enumerated above, we propose here a new model that invokes metasomatic enrichment of ancient oceanic lithosphere, followed by long-term storage in the deep mantle and recent return to the surface as the Samoa plume. Conceptually, this model derives from the autometasomatic process proposed by Zindler et al. [1979] and Roden et al. [1984] . Numerous authors have appealed to metasomatism of oceanic plates to generate chemical heterogeneities that can be tapped prior to plate subduction [Hawkesworth et al., 1979 [Hawkesworth et al., , 1984 Halliday et al., 1992; Class and Goldstein, 1997; Niu et al., 1996] . Recycling of such metasomatized lithosphere, after long-term storage in the mantle, has been advocated by Richardson et al. [1982] and Niu and O'Hara [2003] as a source for enriched OIB. Figure 19 . Schematic diagram illustrating a working hypothesis for the origin of the EM2 mantle reservoir. Starting 2.5 Ga, small degree (0.5%) batch melts of the primitive upper mantle migrate through the asthenosphere an impregnate the lithosphere. A mixture of depleted lithosphere with 1.1% of the 0.5% batch melts has the trace element pattern required to evolve to the present-day Sr, Nd, and Hf isotopic compositions of EM2. Pb plot (Figure 7 ) yields an age of 2.5 Ga. This is an age older than the commonly quoted average mantle differentiation age of 1.8 Byr [Hart, 1984] . At that time, the composition of the mantle would have been more similar to primitive upper mantle than to the depleted mantle observed today (i.e., DMM). Assuming plate tectonics was operating 2.5 billion years ago in much the same way as it is today, this more primitive mantle material would have undergone depletion by melt extraction during upwelling under spreading ridges, then ''turned the corner'' and solidified to become depleted lithospheric mantle.
[64] In the following calculations, we model the case in which small degree, deep melts not extracted at the ridge crest percolate up through the asthenosphere and impregnate the overlying lithosphere that had just undergone melt extraction on the ridge crest. This is essentially a metasomatic process. This metasomatized lithosphere then is recycled and stored in the mantle to become today's EM2 reservoir (Figure 19 ). The melt fraction, amount of melt impregnation, and ratio of garnet to spinel peridotite melting are calculated so as to match parent/daughter ratios of EM2 for the Rb-Sr, Sm-Nd, U-Pb, Th-Pb and Lu-Hf systems, based on evolution from bulk earth 2.5 billion years ago. Bulk partition coefficients used for melting a primitive mantle source [McDonough and Sun, 1995] are based on a compilation of D's from Kelemen et al. [2003] for melting of garnet and spinel peridotite, with the few exceptions listed in Figure 20 . Bulk partition coefficients are weighted 72% garnet peridotite to 28% spinel peridotite. The best match to parent/daughter ratios is with a 1.1% impregnation of a depleted lithosphere by a 0.5% batch melt of a primitive mantle. The lithosphere represents a mantle depleted by 2% melt extraction, as calculated using the method of Workman and Hart [2003] and as reported in Figure 20 shows the resulting trace element pattern of the EM2 source (also see Table 8 ). Rb/Sr has been fit to within <1%, Sm/Nd and Lu/Hf have been fit to within 3%, and Th/U has been fit to within 4%. The ''unfortunate fits'' are for U/Pb and Th/Pb, which are 53% and 58% too high respectively in the calculated EM2 source. This is clearly more a Pb problem than anything else. If the compatibility of Pb is lower by about a factor of two, as suggested by experimental partitioning data [Hauri et al., 1994; Salters et al., 2002] , the U/Pb and Th/Pb ratios may be more precisely modeled. Because the mass fraction of melt added to the FOZO lithosphere (1.1%) is twice the degree of melting (0.5%) required to generate that impregnating melt, the mass of the mantle which melts must be twice as large as the mass of the metasomatized lithosphere.
[65] Does this source lead to the observed 3 He/ 4 He values of 8 R A for EM2? Given the general trace element enrichment in the impregnating melt, and making the standard assumption of extreme incompatibility of He, it is likely that the calculated EM2 source would have high He/U ratios and hence evolve to 3 He/ 4 He values higher than 8 R A . There are two possible solutions. One concerns the relative compatibility of He and U; if at high pressure and low degree of melting He is more compatible than U (this has not been proven nor disproven), then the impregnating melt will have low He/U and potentially evolve to DMM-like 3 He/ 4 He values (by coincidence). The second option is that the EM2 ''package'' has had a residence time in the upper mantle long enough ($1-2 Ga) to result in diffusive equilibrium of He (see model by Moreira and Kurz [2001] for example); this option has obvious implications for the primary home of recycled lithosphere.
[66] Although the above model leaves several questions unanswered, such as the scale length of the heterogeneities created by the metasomatism, and the resulting lithologies (mafic veins or enriched peridotite), it is successful in producing the observed isotopic and trace element characteristics of the Samoan mantle source. It does not require ad hoc chemical manipulations in the subduction zone, as does the standard crust/sediment-recycling model. In fact, as the enrichment zone is limited to the lower parts of the lithosphere, it will be nearly invulnerable to subduction zone processing. It calls on a process for which there is abundant evidence, particularly in the subcontinental lithosphere [Frey and Green, 1974; Menzies and Murthy, 1980; Menzies, 1983; Menzies and Hawkesworth, 1987] . And insofar as small-degree melts are ubiquitous in the upper oceanic asthenosphere, the process is virtually guaranteed. We note also that the small-scale convection usually invoked for this part of the mantle (i.e., Richter rolls) provides an efficient means of upward advection of standing melt fractions, as well as the consequent decompression that will augment the melt fractions and facilitate melt/solid segregation.
Conclusions
[67] A large suite of recently collected basalts from the Samoa hot spot chain have been analyzed for separate Re filaments with silica gel-H 3 PO 4 . Isotope compositions were measured using a Finnigan MAT-261 multicollector mass spectrometer (M.P.I. Mainz) in static mode, and the data for spiked and unspiked fractions were combined off-line to obtain the fractionation-corrected Pb isotope composition of the sample [Galer, 1999] . During this study, the NBS981 Nd ratios of 0.710247 ± 0.000008 (2 sigma, n = 15) and 0.511113 ± 0.000004 (n = 12) respectively, during the period of the sample measurements.
